IL-2 is a critical T cell growth factor in vitro, but predominantly mediates tolerance in vivo. IL-2 is mainly produced by CD4 + Th cells, but the role of Th cell-derived IL-2 in vivo is controversial. We demonstrate that during immunity to a tumor/self-Ag, the predominant role of Th cell-derived IL-2 was to maintain IL-2Rα (CD25) on CD4 + T regulatory cells (T reg ), which resulted in their maintenance of the T reg cell lineage factor, Forkhead/winged helix transcription factor (Foxp3), and tolerance. However, in the absence of T reg cells, Th cell-derived IL-2 maintained effector T cells and caused autoimmunity. IL-2R signaling was indispensable for T reg cell homeostasis and efficient suppressor function in vivo, but, surprisingly, was not required for their generation, because IL-2 −/− and CD25 −/− mice both contained Foxp3 + T cells in the periphery. IL-2R signaling was also important for CD8 + T cell immunity, because CD25 −/− tumor-reactive CD8 + T cells failed to affect established tumors. Conversely, IL-2R signaling was not required for Th cell function. Lastly, administration of anti-IL-2 plus exogenous IL-15 to tumor-bearing mice enhanced the adoptive immunotherapy of cancer. Therefore, Th cell-derived IL-2 paradoxically controls both tolerance and immunity to a tumor/self-Ag in vivo.
of IL-2 in vivo was to maintain self-tolerance, but that the function of IL-2 in vitro was a T cell growth factor. These observations created the IL-2 paradox.
Recently, a number of studies have demonstrated that IL-2 functions to maintain the homeostasis of T regulatory (T reg ) 3 cells inthe periphery (8) (9) (10) . In the past decade, T reg cells have emerged as the dominant T cell population governing peripheral tolerance to self-Ags and have been shown to suppress immunity to tumors (11) (12) (13) . T reg cells develop in the thymus and represent 5-10% of the peripheral CD4 + T cell compartment. They constitutively express CD25, glucocorticoid-induced TNFR (GITR), CTLA-4, and Fork-head/winged helix transcription factor (Foxp3), which directs their lineage specification and is critical for their suppressor function (14) . Because T reg cells constitutively express CD25, it became apparent that this molecule was also important for their function.
CD25 is a component of the high-affinity IL-2R, which increases the sensitivity of IL-2 for its receptor 100-fold (15, 16) . IL-2 up-regulates the expression of CD25 on recently activated T cells, but why CD25 is constitutively expressed on T reg cells is not well understood. The importance of IL-2 signaling in the homeostasis and/or generation of T reg cells was demonstrated in IL-2 −/− , CD25 −/− , IL-2 receptor-β −/− , and STAT5 −/− mice, which all develop autoimmune disease with age (15, 17, 18) . These mice were assumed not to have T reg cells, because they had little or no CD4 + CD25 + T cells in the periphery (15, 17, 19) .
Nevertheless, we now know that CD25 is not an ideal marker for T reg cells, and its combination with Foxp3 expression and other markers can distinguish T reg cells from activated T cells or T cells lacking IL-2-signaling components (8) . With that said, in vitro models have demonstrated the importance of IL-2 signaling to T reg cell function. T reg cells could suppress IL-2 mRNA levels in responder T cells in a culture dish, even in the presence of IL-2, but anti-IL-2 added to the cultures reversed suppression (20) . In vivo, CD25 signaling on T reg cells has been suggested to be important for their generation. The adoptive transfer of CD4 + T cells from CD25 −/− mice into mice with experimental autoimmune encephalitis led to increased disease, but adoptive transfer of CD4 + T cells from IL-2 −/− mice suppressed disease (21) . This shows that T reg cells may exist in a precursor form in IL-2 −/− mice, but not in CD25 −/− mice. However, in this experiment it was not determined whether a Foxp3 + T reg cell precursor population truly existed in IL-2 −/− or CD25 −/− mice or whether IL-2 was required in generating T reg cells from the thymus or de novo from the periphery.
Recently, it has been shown that Foxp3 + T reg cells lacking CD25 can suppress as well as wildtype T reg cells in vitro (8) . Although this experiment shows that IL-2 signaling is not necessary for generation of suppression in vitro, this study is in direct conflict with the observation that CD25 −/− mice develop fatal autoimmune disease despite having Foxp3 + T cells. Another study claimed that the source of IL-2 for T reg cells was Th cells expressing CD25 low receptor (10) . This was shown by in vivo depletion of T reg cells with anti-IL-2 Abs (10). However, the experiment did not test whether Th cell-derived IL-2 directly supported T reg cell function in vivo.
Lastly, the role of IL-2 as a Th cytokine in vivo has come into question (22) . Because IL-2 −/− mice were shown to mount effective immune responses to different viruses (23) , it was assumed that IL-2 was not an important T cell growth factor in vivo. Although CD4 + T cells maintain CD8 + T cell immunity and memory (24) (25) (26) (27) (28) , the signals that dictate this maintenance are still largely unknown. Therefore, we re-evaluated the role of IL-2 and its receptor in vivo using a novel adoptive transfer system that allows us to monitor immunity or tolerance to a tumor/self-Ag (12) . We found that during immunity to established tumors, the predominant role of Th cell-derived IL-2 was to maintain Foxp3 expression by T reg cells, which resulted in tolerance. However, when T reg cells were absent, IL-2 was required to maintain CD8 + T cellmediated autoimmunity. More importantly, treatment of established tumors in CD25 −/− mice was more effective than that in wild-type (WT) mice, suggesting that CD25 −/− T reg cell function was impaired in vivo, contrary to in vitro experiments (8) and consistent with the phenotype of CD25 −/− mice. These results help explain why T reg cells constitutively express CD25 and require persistent IL-2 signaling in vivo, but also explain the paradoxical observations of IL-2 as a growth factor in vitro and as a mediator of self-tolerance in vivo.
Materials and Methods

Mice, tumor cell lines, recombinant fowlpox virus, and irradiation
Thy1.1 Pmel-1 CD8 + TCR transgenic mice (Thy1 a /Cy Tg(TcraTcrb)8Rest/J) have been described previously and are deposited at The Jackson Laboratory (29) . C57BL/6J, congenic CD45.1 (Ptprc a ), RAG 1 −/− (Rag1 tm1Mom ), IL-2 −/− (Il2 tm1Hor ), and CD25 −/− (Il2ra tm1Dw ) mice were obtained from The Jackson Laboratory. All mice were bred and kept at the National Institutes of Health animal facility. All experiments were conducted with the approval of the National Cancer Institute animal use and care committee. B16.F10 (H-2 b ), hereafter called B16, is a gp100 + spontaneous murine melanoma obtained from the National Cancer Institute tumor repository and was maintained in culture medium as previously described (29) . All recombinant viruses encoding human (h) gp100 have been described previously and were provided by Therion Biologics (29) . Transient lymphopenia of tumor-bearing mice was induced by sublethal total body irradiation (TBI; 5 Gy).
Generation of hIL-2 transgenic mice
The cDNAs encoding the bovine preprolactin signal peptide, hIL-2 mature coding sequence, human elongation factor 1α promoter, and SV40 polyadenylase signal were amplified by PCR, then ligated to generate an expression construct (pEF-PPLSP-hIL-2-SV40 polyadenylase). The linearized DNA was microinjected into fertilized eggs of C57BL/6 mice to obtain founder mice, and their sera were tested for the presence of hIL-2 by a specific ELISA (Pierce). Hemizygous transgenic mice were generated by mating the serum-positive founder mice with WT C57BL/6 mice. The hIL-2 transgenic mice were bred and kept at National Institutes of Health animal facilities.
Flow cytometry and Abs
CD8α (53-6.7), CD4 (H129.19), Vβ13 (MR12-3), CD45.1, CD45.2, CD25 (PC61), IFN-γ, IL-2, and anti-IL-2 (S4B6) as well as the Fc blocking reagent anti-CD16/CD32 were purchased from BD Biosciences. The FITC anti-mouse/rat Foxp3 staining kit (FJK-16s) was purchased from eBio-science. For most samples, propidium iodide-staining cells were excluded from analysis. Samples were analyzed using a FACSCalibur flow cytometer (BD Biosciences) and FlowJo software (Tree Star).
Purification of CD4 + Th and T reg cell subsets for adoptive transfer
CD4 + Th cells were purified from C57BL/6 mice on an IL-2 −/− , CD25 −/− , or WT background using a CD4 + enrichment kit (Miltenyi Biotec). CD4 + CD25 − Th cells were further purified by removal of CD4 + CD25 − T cells on an LS + selection column twice using a MACS CD4 + CD25 − isolation kit (Miltenyi Biotec) to obtain > 99% Th cells. T reg cells were purified from spleens of CD45.1 C57BL/6 mice using MACS CD4 + CD25 + isolation kits (Miltenyi Biotec). The resulting populations were >95%. Cells were verified to be T reg cells by Foxp3 staining (eBioscience).
Real-time PCR of adoptively transferred T reg and Th cells
Adoptively transferred CD45.1 T reg cells and CD45.2 Th cells were isolated 3-4 wk after transfer from spleens of tumor-bearing mice. Single-cell suspensions of spleens were passed through a cell strainer twice and lysed with ACK lysis buffer (Invitrogen Life Technologies) to remove RBC. For isolation of CD45.1 T reg cells, spleen cells were labeled with anti-CD45.1 PE (15 μg/10 8 cells) for 10 min at 4°C, then washed once. Cell staining was followed by anti-PE microbeads (Miltenyi Biotec) for 15 min at 4°C. Labeled cells were sorted twice using LS + selection columns (Miltenyi Biotec). For Th cells, CD4 + T cells were enriched from spleens of tumor-bearing mice using a CD4 + T cell enrichment kit and sorting twice over LS + selection columns (Miltenyi Biotec). Total mRNA was extracted from sorted populations using an RNA isolation kit (Qiagen). mRNA was reverse transcribed into cDNA using SuperScript II (Invitrogen Life Technologies). Foxp3 RT-PCR primers, probes, and reagents were purchased from Applied Biosystems, and TaqMan was used according to the manufacturer's instructions (Applied Biosystems). Serial dilutions of cDNA were made to determine the linear range for amplification. Real-time PCR was performed with appropriate dilutions of cDNA using the Applied Bio-systems PRISM 7700 sequence detector and Assayson-Demand (Foxp3). PCR amplifications were performed in a total volume of 25 μl according to the manufacturer's instructions. Data are presented as the fold change relative to CD4 + CD25 − Th cells.
Lymphocyte activation and intracellular staining
For detection of IFN-γ and IL-2 by intracellular staining, splenocytes from the indicated treatment groups were plated at 2 × 10 6 /well in 24-well plates and stimulated with lymphocyte activating mixture (BD Biosciences) for 6 h at 37°C. Cells were collected, washed twice, and stained with the appropriate Abs to surface molecules, then fixed and permeablized with the Where indicated, recombinant human IL-2 or recombinant human IL-15 (36 μg/dose) was administered by i.p. injection twice daily for a total of six doses as previously described (30, 31) . Tumors were measured in a blinded fashion, and the products of perpendicular diameters were recorded.
Statistics
Tumor graphs were compared using Wilcoxon's rank-sum test. Statistical analysis was performed using unpaired t test, and p < 0.05 was considered significant.
Results
CD25 + Foxp3 + T cells suppress immunity to a tumor/self-Ag
To study the role of IL-2 and its receptor during immunity to a tumor/self-Ag, we used the pmel-1 model. Pmel-1 TCR transgenic mice carry a rearranged transgene that encodes specificity for the tumor/self-melanocyte differentiation Ag, gp100 (29) . Adoptive transfer of self-reactive CD8 + T cells can treat established tumors and cause autoimmunity in RAG-1 −/− mice, but requires IL-2 from Th to be most effective. This therapy is inhibited by adoptive transfer of naturally occurring T reg cells (12) . However, distinguishing T reg cells from activated Th cells and studying their effects on each other after adoptive transfer were previously impossible (12) . Thus, we used congenic markers and Foxp3 expression to distinguish between these two populations.
CD45.1 T reg cells were isolated from WT CD45.1 mice, and CD45.2 Th cells were isolated from WT CD45.2 mice by magnetic bead separation (Fig. 1A) and stained with an Ab to Foxp3. We found that the majority of sorted CD25 + T cells were positive for the T reg cell lineage factor, Foxp3, and that sorted CD25 − T cells (which contained a few CD25 low T cells) were essentially Foxp3 − (Fig. 1B ) . T reg cells, Th cells, or a 1/10 mixture were cotransferred i.v. with 1-wk-cultured pmel-1 T cells and rFP encoding human gp100 into 7-to 10-d tumor-bearing RAG-1 −/− mice, as shown in the schema ( 
IL-2 and T reg cells control Th cell numbers in vivo
Next, we studied the CD4 + T cell response in tumor-bearing mice, because it has been shown that IL-2 and IL-2R control the size of the peripheral lymphocyte compartment (5, 32, 33) . We used WT, IL-2 −/− , and CD25 −/− mice as a source of Th cells. We sorted Th cells into CD25 − fractions and transferred them along with pmel-1 T cells and rFP vaccine into tumor-bearing RAG-1 −/− mice, as shown in Fig. 1A . Some groups also received ~10% T reg cells.
Because we were transferring T cells into a lymphopenic environment, it was possible that we could change the normal biology of these cells with respect to their natural ratios in vivo. Therefore, the relative ratios of transferred T reg to Th cells were determined 3-4 wk after adoptive cell transfer ( Fig. 2A) . The ratio of adoptively transferred T reg to Th cells (~1:10 before transfer) remained approximately the same (range, 5-15%), showing that T reg and Th (WT) cells expanded at similar rates and engrafted the host ( Fig. 2A) .
Once we established that T reg and Th cells engrafted the host at approximately physiological ratios, the absolute number of adoptively transferred T reg cells and Th cells was quantitated. As shown in 
IL-2 controls T reg frequency in the periphery and is not required for their generation in the thymus
To obtain an understanding of T reg cell biology and function in vivo, we first looked at the homeostasis of T reg cells in intact nontumor-bearing IL-2 −/− and CD25 −/− mice. Because CD25 is not an ideal marker for T reg cells in mice that lack IL-2 or IL-2R, we looked at other markers, such as Foxp3, CTLA-4, and the TNFR superfamily molecule, GITR. Recent reports confirm that Foxp3 is the lineage marker for T reg cells (14) and that GITR and CTLA-4 are expressed on resting T reg cells (34, 35) . We found that IL-2 −/− and CD25 −/− mice contained Foxp3 + T reg cells (Fig. 3A) . However, Foxp3 + T cells were fewer (in frequency) in CD25 −/− and IL-2 −/− mice and predominantly CD25 −/low in IL-2 −/− mice (Fig. 3A) . GITR and CTLA-4 were increased in Foxp3 − T cells from IL-2 −/− and CD25 −/− mice (Fig. 3) , indicating that an activated effector population dominated in these mice, which is consistent with their phenotypes. Surprisingly, absolute numbers of Foxp3 + T cells were similar in WT, IL-2 −/− , and CD25 −/− mice at 8 wk of age (Fig. 3B ).
Because both IL-2 −/− and CD25 −/− contained Foxp3 + T cells, we directly tested whether IL-2 was needed for the generation and/or maintenance of T reg cells. We first looked at the thymi of IL-2 −/− mice and CD25 −/− mice and found Foxp3 + T cells (data not shown). Therefore, we analyzed cells in the periphery at different time points, because IL-2 −/− and CD25 −/− mice develop disease with age, and we found that Foxp3 + T cells were present in CD25 −/− and IL-2 −/− mice, but their number waned with age in IL-2 −/− mice (Fig. 3B) . Because of this discrepancy, we directly tested whether IL-2 controls T reg cell number in the periphery by generating IL-2 transgenic mice, which constitutively express human IL-2 at picogram levels in serum (16-22 pg/ml). By flow cytometry, IL-2 transgenic mice had a 6-fold increase in the frequency of Foxp3 + CD25 + T cells in the spleen compared with normal WT mice (Fig. 3A) and were healthy like their WT litter-mates. CTLA-4 and GITR expression were also increased 6-fold in Foxp3 + T cells from IL-2 transgenic mice (Fig. 3A) , indicating that these cells were bona fide T reg cells. Determination of the absolute number of T reg cells in IL-2 Tg mice indicated that these mice had an ~ 2-fold expansion of T reg cells in the periphery compared with WT controls (data not shown). Therefore, the aforementioned data showed that IL-2 could expand Foxp3 + T cells in vivo, but IL-2 was not necessary for generation of T reg cells in the thymus.
Th cell-derived IL-2 maintains CD25 and Foxp3 expression by T reg cells
Next, we directly tested whether T reg cells were using IL-2 in vivo during tumor immunity by measuring the expression of CD25 in adoptively transferred T reg cells. Because it has been shown that T reg cells lose the expression of CD25 upon adoptive transfer into lymphopenic hosts (36), we wanted to understand whether this loss of expression was related to homeostatic expansion or lack of a source of IL-2. Before transfer, CD25 expression on sorted T reg cells was, on the average, >94% (Fig. 4A) . When transferred alone into tumor-bearing RAG-1 −/− hosts, T reg cells significantly decreased CD25 expression (Fig. 4A) . Foxp3 expression was also down-regulated in T reg cells when transferred alone, but remained high when transferred with Th cells (WT) that could produce IL-2 (Fig. 4B) . T reg cells also maintained their CD25 expression by mean fluorescence intensity when transferred with Th cells (WT; Fig. 4C ).
To address the source of IL-2 responsible for this regulation, T reg cells were cotransferred with Th (IL-2 −/− cells. In the absence of Th cell-derived IL-2, T reg cells decreased CD25 and Foxp3 expression (Fig. 4, A and B) . Although Foxp3 expression was not as low as that in T reg cells alone, this indicated that growth factors other than IL-2 might be contributing to Foxp3 expression. Transfer of T reg cells with Th (CD25 −/− ) cells, which can provide a source of IL-2, only minimally maintained CD25 expression on T reg cells. This may be explained by the lesser amount of IL-2 available from Th (CD25 −/− ) cells (see Fig. 8 ). However, T reg cells maintained Foxp3 expression levels (Fig. 4B ) when T reg were compared with Th (WT) cells. In vitro suppression assays also confirmed that a T cell source of IL-2 was required to sustain CD25 expression on T reg cells in vitro (data not shown). Together, these findings indicated that Th cell-derived IL-2 tightly regulated CD25 expression on T reg cells and, as a result, regulated their Foxp3 expression.
IL-2 signaling is required for the maintenance and function of Foxp3 + T cells in vivo
Because CD25 −/− and IL-2 −/− mice had approximately normal levels of Foxp3 + T reg cells but still acquired disease, we wanted to understand how IL-2 and IL-2R influenced T reg cell survival in the periphery. Because transferring CD4 + CD25 − T cells into lym-phopenic hosts leads to the establishment of a Foxp3 + CD25 + T cell population (37) (38) (39) , we looked at the requirements for the induction of Foxp3 in the periphery. IL-2R and Foxp3 levels were determined in CD4 + T cell populations before and after transfer into tumor-bearing RAG-1 −/− hosts. Before transfer, sorted populations had negligible CD25 expression (Fig.  5A) . However, after 3-4 wk in vivo, Th (WT) cells up-regulated their IL-2Rα by an average of 15% in vivo (Fig. 5A) . However, Th (IL-2 −/− ) cells persistently only expressed 2-6% CD25 (Fig. 5A) , even in a host capable of producing IL-2 from dendritic cells (40) . Th (CD25 −/− ) cells were naturally negative for CD25.
Next, Foxp3 levels were determined in CD4 + T cells after adoptive transfer at the single-cell level (Fig. 5B ) and the mRNA level (Fig. 5C ). As shown in Fig. 5B , Foxp3 expression was readily detectable in the pretransfer CD4 + T cells from WT mice (<1%) and was maintained in a population that expanded after transfer (0.96 vs 2.41% posttransfer; Fig. 5B ). This Foxp3 + population was contained solely in the CD25 + fraction (Th (WT) CD25 + cells; Fig.  5C ). However, CD4 + T cells from IL-2 −/− mice, which also were <1% Foxp3 + before transfer, had undetectable levels of Foxp3 after transfer (0.91 vs 0.18%; Fig. 5B ). Th (IL-2 −/− ) cells that had converted to CD25 + did not express Foxp3 (Fig. 5C) . However, CD4 + T cells from CD25 −/− mice, which had high levels of Foxp3 before transfer (4.57%; Fig. 5B ), became completely negative after transfer (0.15%; Fig. 5B ). This was also con-firmed at the mRNA level (Fig. 5C ).
To gain additional insight into whether IL-2 signaling on T reg cells was responsible for either their homeostasis and/or their function in vivo, we tested whether Foxp3 + -expressing cells from CD25 −/− mice could suppress tumor immunity in vivo. We found that before transfer, 5-10% of CD4 + T cells from CD25 −/− mice expressed Foxp3 (Fig. 6A) . However, 4 wk after adoptive transfer into tumor-bearing RAG-1 −/− hosts, CD25 −/− Foxp3 + T cells were undetectable in the periphery (Fig. 6A) . Therefore, treatment of established tumors in three independent experiments with CD4 + CD25 −/− T cells was not compromised by this ~5-10% Foxp3 + contaminating population (Fig. 6B) , and CD8 + T cells numbers were not significantly lower than those of WT cells (Fig. 6C) . However, when CD25 +/+ Foxp3 + T cells were cotransferred with CD25 −/− T cells, antitumor immunity was compromised (Fig. 6B) .
To ascertain the in vivo effects of the transferred CD25 +/+ T reg cells, we analyzed the frequency and absolute number of pmel-1 and Th cells (Fig. 6C) . With the addition of CD25 +/+ T reg cells in three independent experiments, the average numbers of CD25 −/− Th cells and pmel-1 T cells were decreased (Fig. 6C) . Because CD25 −/− Foxp3 + T cells disappeared after adoptive transfer, we tested our immunotherapy regimen in intact CD25 −/− hosts, because they have a consistent supply of T reg cells from thymic output. This would allow us to test their in vivo suppressive ability. Therefore, 10-d tumor-bearing WT mice and CD25 −/− mice underwent 5-Gy TBI and were treated with pmel-1 T cells and rFP vaccine. As shown in Fig. 6D , treatment was enhanced in CD25 −/− mice compared with WT mice. Compared with RAG-1 −/− mice (Fig. 6B) , pmel-1 T cells transferred with rFP vaccine into CD25 −/− mice were better at controlling tumor immunity. To confirm that T reg cells were present, mice were analyzed for the presence of Foxp3 + T cells. As shown in Fig. 6E , CD25 −/− Foxp3 + T cells were present at normal levels in CD25 −/− mice 4 wk after treatment (~5-10%). This showed that T reg function in CD25 −/− mice was not as efficient as that in WT mice, which is contradictory to the in vitro results reported by others (8) . This also demonstrates the contribution of Th (CD25 −/− ) cells in CD25 −/− mice, which we show can help pmel-1 T cells in RAG-1 −/− mice upon adoptive transfer (Fig. 6B ). In conclusion, in the absence of the high-affinity IL-2R, CD25 −/− T reg cells were not able to compete in the periphery to initiate their survival program; however, in intact hosts, which have a constant supply of CD25 −/− T reg cells, IL-2R signaling was shown to be important for efficient suppressor function. These results showed that IL-2R signaling was required for both the homeostatic maintenance and the efficient suppressive function of T reg cells in the periphery.
IL-2 signaling is critical for CD8 + T cell immunity in vivo
Next, we looked at CD8 + T cell immunity. The role of IL-2 in vivo with regard to in CD8 + T cells has not been clearly elucidated, but recent work has shown that IL-2 is important for their expansion (12, 22, 41, 42) . Therefore, we transferred T (WT), Th (IL-2 −/− ), or Th (CD25 −/− ) cells with pmel-1 T cells and vaccination into tumor-bearing RAG-1 −/− mice with or without T reg cells as indicated and examined the expansion and treatment ability of CD8 + T cells. As previously shown (12), Th (IL-2 −/− ) cells did not help pmel-1 T cells expand or treat established tumors; however, in five independent experiments, Th (CD25 −/− ) cells helped CD8 + T cells maintain tumor immunity similarly to Th (WT) cells (Fig. 7A ) and were suppressed by T reg cells (Fig. 6B ). IL-2 appeared to play a role in the maintenance of pmel-1 T cells, because the frequency and absolute numbers of CD8 + T cells were higher in groups that had access to Th cell-derived IL-2, but were suppressed in all groups receiving T reg cells (Fig. 7, B and C) .
Because IL-2 appeared to be supporting CD8 + T cell maintenance in vivo, we created pmel-1 T cells, which were CD25 −/− , to block the IL-2 signal to determine whether other cytokines could compensate for IL-2 in vivo, because it has been reported that IL-2 −/− mice can mount normal antiviral immune responses (23) . To this end, naive splenocytes from pmel-1 (CD25 −/− ) transgenic mice were enriched for CD8 + T cells and transferred into tumor-bearing RAG-1 −/− hosts along with rFP vaccination. As a control, we transferred naive pmel-1 (WT) T cells into tumor-bearing mice along with rFP vaccination. Because naive pmel-1 (WT) T cells have the propensity to make autocrine IL-2 at much higher levels than cultured T cells (43, 44) , it was possible that tumor immunity could become Th cell independent. However, even though naive T cells could produce IL-2 and treat tumors in RAG −/− mice in the absence of T cell help, it became apparent that IL-2 signaling was important for CD8 + T cell function, because pmel-1(CD25 −/− ) T cells could not treat established tumors (Fig. 7D) . The pmel-1(CD25 −/− ) T cells transferred with Th cells were also unable to treat tumors (data not shown). This experiment showed that our system was not artificially IL-2 dependent, and in vivo IL-2 was indispensable for CD8 + T cell immunity, but was not required for Th cell function.
T reg cells prevent the maintenance of IFN-γ + effector T cells
To investigate how T reg cells prevented antitumor immunity in vivo, we studied the effector function of pmel-1 T cells and Th cells ex vivo. Splenocytes from treated groups were activated ex vivo with a lymphocyte-activating mixture for 6 h and were stained with Abs to the appropriate congenic markers to distinguish Th (CD45.2) from T reg (CD45.1) and pmel-1 CD8 + T (Vβ13) cells (Fig. 8) . Subsequently, cells were stained for intra-cellular cytokines, IFN-γ and IL-2. As shown in Fig. 8 , IFN-γ expression in CD8 + T cells was highest (3-fold higher) in the group that received Th (WT) or Th (CD25 −/− ) cells and was markedly suppressed in all other groups, especially groups with T reg cells. CD4 + T cells that produced IL-2 made more IFN-γ and helped sustain CD8 + IFN-γ + T cell numbers (Fig. 8,) . Although Th (IL-2 −/− ) cells could make IFN-γ, it was not at the same level as Th (WT) cells (Fig. 8A) , and this did not support CD8 + T cell expansion (Fig. 8B) . Th (CD25 −/− ) cells made high amounts of IFN-γ, but repeatedly made lower amounts of IL-2 (Fig. 8A) , indicating that full IL-2 signaling may be required for the efficient production of IL-2 in vivo. However, this did not affect CD8 + T cell function with respect to tumor immunity (Fig. 7A) , but did slightly affect their numbers (Figs. 7C and 8B ). When Th (WT) cells were cotransferred with T reg cells, the frequency and number of IL-2-producing cells were also decreased (Fig. 8A and data not shown) . These results suggested that CD4 + T cells were required to maintain both effector CD4 + and CD8 + T cells through IL-2 production. These findings support our initial finding that exogenous IL-2 can enhance IFN-γ-producing CD8 + T cells in mice undergoing regression of established tumors (29) . Therefore, Th cell-derived IL-2 was essential in maintaining effector T cell function and number, and this effect was compromised when T reg cells expressing high-affinity IL-2R were present.
IL-2 neutralization in vivo enhances immunotherapy of cancer
Because we showed that IL-2R signaling was essential for T reg cell homeostasis and function, and that this signaling was important for the maintenance of Foxp3 expression, we hypothesized that neutralizing IL-2 may be an important means of eliminating T reg cell function in vivo. However, because IL-2 was also important for effector T cells, we hypothesized that anti-IL-2 would not work alone. Therefore, we would also have to provide a supportive cytokine, such as IL-15, which has been shown to help CD8 + T cells cause tumor regression, but not support T reg cell function (31, 45) . We used immunocompetent tumor-bearing mice and administered 5 Gy TBI, as previously reported (12, 31, 46) . Using TBI enhances immunotherapy when using pmel-1 T cells, rFP vaccine, and IL-2 or IL-15 (30, 31) . This information combined with our new understanding of T reg cell function in vivo helped us develop an unconventional approach to immunotherapy (16) . Using anti-IL-2 to neutralize T reg cell function (8,10) and replacing IL-2 with exogenous IL-15 to enhance CD8 immunity (30,31), we were able to enhance immunotherapy beyond that seen with IL-2 or IL-15 alone (Fig. 9) . Anti-IL-2 therapy alone had no effect, indicating that FcR-bound Abs containing cytokine or antibody-cytokine immune complexes were not stimulating T cell in trans.
Discussion
Described almost 30 years ago, IL-2 has long been thought to be a T cell growth factor. It was also labeled a Th cytokine based on in vitro work. These proposals are not far from the truth. In fact, as shown in this study and elsewhere, IL-2 is a T cell growth factor. However, the outcome of that growth depends on which cell is responding. We propose that the main role of Th cell-derived IL-2 in vivo is to support T reg cell homeostasis and function, which leads to the mediation of self-tolerance. However, in the absence of T reg cells, Th cell-derived IL-2 supports immunity.
In this study we show that the mechanism by which IL-2 supports T reg cells is related to regulation of the expression of CD25 on T reg cells and the maintenance of Foxp3 expression in the periphery. Because IL-2 up-regulates its own receptor (47), these results show that IL-2 was constantly being used by T reg cells. This paracrine action of Th cell-derived IL-2 is related to T reg survival and the suppressive mechanism, because it appears that other Th cell-derived cytokines are not sufficient to fully compensate for these important functions. However, there is evidence that other common γ-chain (γ c ) cytokines, such as IL-4, are critical for the induction of Foxp3 expression (20, 45, 48) , and that in the absence of γ c signaling, Foxp3 + T cells do not exist (8) . Therefore, the nonredundant function of IL-2 may be attributed to the maintenance of Foxp3 expression in the periphery. This paracrine effect of IL-2 signaling may help explain why adoptively transferred WT T reg cells can prevent autoimmunity in CD25 −/− and IL-2Rβ −/− mice, which have a source of IL-2, but not in IL-2 −/− mice (18, 33) . These data also explain why CD25 −/− Foxp3 + T cells cannot survive after transfer into a lymphopenic setting. Our data show a critical link between IL-2 signaling and Foxp3 expression in T reg cells in the periphery. However, whether IL-2 supports CD25 + Foxp3 + T cells that come from CD25 − precursors that were Foxp3 − , Foxp3 + , or both is still not clear.
Our findings also suggest that constitutive expression of CD25 on T reg cells allows competition for IL-2 in vivo to be an important mechanism that T reg cells use to acquire this growth factor. High expression of CD25 increases the sensitivity of IL-2 binding to the IL-2R ~100-fold compared with the low-affinity receptor (16) . This may confer a survival advantage to T reg cells when they need to traffic to extralymphoid tissue sites where IL-2 is limiting (14) . This is supported by the fact that ectopic expression of Foxp3 in CD4 + or CD8 + T cells and naturally expressing Foxp3 + T cells always induces the high-affinity IL-2R (14, 49, 50) .
It has been shown in vitro that the mechanism of suppression by T reg cells requires IL-2 from responding T cells, and that anti-IL-2 or exogenous IL-2 or IL-4 added to cultures can abrogate suppression (20) . This seems paradoxical, but in the case of high doses of IL-2 or IL-4, T reg cells could suppress IL-2 mRNA in responder T cells, even though T responders could still divide. This emphasizes the importance of signaling through CD25 and IL-4R on T reg cell function during states of inflammation.
In cases of higher amounts of IL-2, as in exogenous administration to cancer patients (51) or elimination of cytokine sinks (46) , proliferation of effector T cells can still occur. However, in the long term, this may be the Achilles' heel of immunotherapy, because T reg cells may compensate their levels due to the long exposure to IL-2, as we demonstrate in IL-2 transgenic mice and recently demonstrated in patients (52, 53) . This may help explain the fixed 15-20% response rate to high dose IL-2 therapy in patients with cancer (51).
Therefore, to prevent activation of T reg cells, we used anti-IL-2, which decreases T reg cell Foxp3 expression (8, 10) , and replaced exogenous IL-2 with IL-15, a cytokine that does not support T reg cells (45) , but instead supports CD8 + T cell immunity (31) . Addition of IL-15 was necessary, because CD8 + T cells also need IL-2 signaling to cause effective immunity. As a result, this treatment regimen enhanced adoptive immunotherapy more than IL-15 or IL-2 alone. These conditions may have provoked CD8 + T cells to take on a central memory, rather than an effector memory, phenotype, which we have shown preserves their antitumor efficacy in vivo (30, 43) . This is an important finding for immunotherapy. We believe that IL-2 consumption by T reg cells is coupled to their suppressive mechanism in vivo. This feedback loop maintains immunological balance in the immune system, keeping T reg cells alive and auto-reactive T cells in check (16) . IL-2 signaling, in addition to TCR stimuli to self Ags (54), probably activates the program of suppression, which may include mechanisms such as reverse signaling through engagement of B7 molecules on effector T cells (55) , competition for cytokines (56) (57) (58) , secretion of immunosuppressive cytokines (56, 57, 59) , or direct killing (60) . T reg cells may also negatively condition APCs (61, 62) . Regardless, the results presented in this study help explain why T reg cells constitutively express the high-affinity IL-2Rα and why blocking their access to IL-2 can inhibit their suppressive ability.
With regard to CD25 −/− mice, the lack of full IL-2 signaling on T reg cells probably explains the disease in these mice. Although CD25 −/− mice had normal levels of Foxp3 + T cells, these probably represent cells that are either recent thymic emigrants or are being supported by other Th cell-derived γ c cytokines during a state of active disease. However, it is unclear why CD25 −/− mice still have disease. Although recent evidence suggests that T reg cells are unable to keep up with cells mediating disease (8) , these mice have normal levels of Foxp3 + T cells, which, surprisingly, are just as suppressive as WT cells in vitro. So why do CD25 −/− mice develop fatal autoimmune disease? Are CD25 −/− T reg cells dysfunctional in vivo? We believe that our results show that IL-2 signaling has an important role in suppression in vivo. We show that pmel-1 T cells were able to treat established tumors much better in CD25 −/− hosts than in WT hosts. In fact, 1-wk-cultured pmel-1 cells transferred alone with rFP vaccine into RAG-1 −/− mice or WT mice have never treated established tumors. Because, we were able to achieve treatment in CD25 −/− mice, this shows that CD25 −/− T reg cells were not as efficient suppressors as WT cells and possibly that Th (CD25 −/− ) cells contributed to the treatment effect. Considering that Th (CD25 −/− ) cells were able to expand significantly better than Th (IL-2 −/− ) cells and could help CD8 + T cells induce tumor regression probably indicates that Th cells may be able to signal through the IL-2Rβγ in vivo. Therefore, these low-affinity signals may be sufficient to reach a threshold of activation to help CD8 + T cells, but not enough to activate CD25 −/− Foxp3 + T reg cells. This is also supported by the fact that T reg cells could not suppress IL-2 −/− Th cells in vivo as efficiently as Th (WT) cells. Because Th cells do not need high-affinity IL-2R to generate help, but T reg cells need high-affinity IL-2R to survive and initiate their suppressor program, CD25 −/− Foxp3 + T reg cells may be less efficient at suppressing in vivo; this explains why CD25 −/− mice develop autoimmune disease with age. These data are most consistent with a study that showed that Ag-specific CD25 −/− T reg cells were not as efficient suppressors as WT cells in an in vitro assay (9) . Therefore, the suppression seen with co-transfer of WT CD25 +/+ T reg cells with CD25 −/− T h cells may indicate that IL-2 from Th (CD25 −/− ) cells was supporting T reg cell homeostasis and suppressor function. This was confirmed by higher amounts of CD25 and Foxp3 expression by T reg cells mixed with Th (CD25 −/− ) or Th (WT) cells. Therefore, our data suggest that there may be two types of au-toimmunity that can occur in vivo: IL-2-independent autoimmu-nity, as seen in IL-2 −/− mice, which may be primarily CD4 + T cell mediated due to the absence of T reg and CD8 + T cell function, and IL-2-dependent autoimmunity, which is primarily CD8 + T cell mediated and requires the absence of T reg cells. Although recent work shows a kinetic relationship between the requirement for IL-2 to activate T effector and T reg cells in vivo (63) , this system only studied CD4 + T cell-mediated disease and did not link IL-2 to CD8 + T cell immunity. Our results link IL-2 with CD8 + T cells and identify the source of IL-2 in vivo. Previous data from our group also showed that T h cells from IL-2 −/− mice administered along with exogenous IL-2 did not support CD8 immunity in tumor-bearing RAG-1 −/− (12). Therefore, for CD8 immunity, it appears that IL-2 may be important throughout the immune response.
Together, the results show a dual role for Th cell-derived IL-2 in vivo. T reg cells maintained self tolerance by using IL-2 from Th cells through their high-affinity IL-2R. This appeared to be directly linked to Foxp3 expression, which is known to be required for T reg cell function. Therefore, Th cell-derived IL-2 may be enhancing the transcription of Foxp3 in T reg cells, which is directly related to their suppressive characteristics in vivo. This action subsequently leads to the lack of effector T cell expansion, which paradoxically also requires IL-2. Although the precise mechanism of suppression is unclear, our work helps explain the IL-2 paradox: that is, IL-2 is important for both tolerance and immunity in vivo. The use of anti-IL-2 Abs (and/ or anti-IL-4 Abs) along with other γ c -signaling cytokines, which support CD8 + T cell immunity (IL-15 and IL-21), may offer an advantage over current therapies for advanced cancer and chronic infections. In contrast, IL-2 therapy may be useful for treating many autoimmune diseases. 
